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(54) Method and apparatus for laser processing of intravascular devices 



(57) A method of forming an intravascular device, 
such as a stent, without creating shock or thermal stress 
affected areas to or in the final product, employs a laser 
(20) capable of producing very short pulses. In order to 
remove a volume of material from a workpiece (40) to 
create the Intravascular device, laser pulses of less than 
ICQ picoseconds in duration are directed at the area of 
the workpiece to be removed. By providing laser pulses 
with pulse durations such that the thermal penetration 
depth during the pulse is on the order of the optical pen- 
etration depth, very small amounts of material can be 
removed per laser pulse with negligible transport of en- 
ergy by shock or thermal conduction away from the vol- 
ume of interest. This creates an intravascular device 
that does not have features which have been subjected 
to shock or thermal stress, improving the integrity of the 
device. 
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Description 

The present invention is related to the field of intra- 
vascular devices, and more particularly, to the manufac- 
ture of high precision intravascular devices, such as 
stents, using a laser system in the manufacturing proc- 
ess. 

Laser interaction with dielectrics, semiconductors 
and metals has been studied for over thirty-five years 
for applications as diverse as materials processing, in- 
ertial confinement fusion, and recently surgery. Laser 
processing of material (cutting, welding, peening, etc.) 
is well established. To date, materials processing has 
been limited to two basic physical mechanism: thermal 
or photodissociative. 

The thermal mechanism is by far the more common 
of the two mechanisms. In this case, the basic interac- 
tion is the deposition of energy from the incident laser 
beam in the material of interest in the form of heat (lattice 
vibrations). Absorption of laser energy by the material 
may differ strongly between materials (e.g., resistive 
heating of conducting electrons in metals, electronic or 
vibronic absorption in dielectrics). Laser absorption may 
also be strongly wavelength dependent particularly in 
the case of dielectrics (depending on the presence of 
an absorption band at the laser wavelength) or semi- 
conductors (location of the band gap relative to the en- 
ergy of the laser photon). However, regardless of the 
detailed mechanism of absorption of laser energy, the 
deposited energy results in simple heating of the mate- 
rial. The laser energy that is absorbed results in a tem- 
perature increase at and surrounding the absorption 
site. As the temperature increases to the melting or boil- 
ing point, material is removed by conventional melting 
or vaporization. Depending on the pulse duration of the 
laser, the temperature rise in the irradiated zone may be 
very fast resulting in thermal ablation and shock. In this 
case, the irradiated area experiences a temperature rise 
to near or above the boiling point faster than heat can 
be conducted into the bulk material. The irradiated zone 
may be vaporized or simple ablate off due to the fact 
that the local thermal stress has become larger than the 
yield strength of the material (thermal shock). 

In all these cases, where material is removed via a 
thermal mechanism, there is an impact on the material 
surrounding the site where material has been removed. 
The surrounding material will have experienced a large 
temperature excursion or shock often resulting in signif- 
icant collateral damage. This affected zone may range 
from a few microns to several millimeters depending on 
the material type, laser pulse duration and other factors 
(e.g., active cooling). In many low precision applica- 
tions, the presence of the affected zone is mot limiting. 
As a result, lasers are routinely used to cut and weld 
metals in heavy industry (e.g., auto manufacture). In 
high precision applications, the presence of the heat or 
shock affected zone may be severely limiting. Devices 
with features on the order of a few tens of microns can- 



not tolerate stress induced in the material during the ma- 
chining process. Even the slightest thermal stress or 
shock can destroy the feature of interest. Such devices 
include many used in the medical field, including stents. 
5 Another limitation of conventional laser processing 
in high precision applications is the presence of rede- 
posited or resolidified material. As mentioned previous- 
ly laser cutting or drillling occurs by either melting or 
vaporizing the material of interest. The surface adjacent 
10 to the removed area will have experienced significant 
thermal loading, often resulting in melting. This melting 
can be accompanied by flow prior to solidification. This 
can result in the deposition of slag surrounding the kerf. 
■ In many high precision applications, the presence 
15 of slag is unacceptable. In the cases where the deposi- 
tion of conventional slag can be prevented, redeposition 
of vaporized material on the walls or upper surface of 
the kerf is common. This condensate often reduces the 
quality of the cut and decreases the cutting efficiency 
20 since the laser must again remove this condensate be- 
fore interacting with the bulk material underneath. Many 
of these limitations of laser cutting by the thermal mech- 
anism can be reduced somewhat by the use of second- 
ary techniques during the cutting process. The most 
2S common of these techniques are active cooling of the 
material of interest either during or immediately follow- 
ing the laser pulse, and the use of high pressure gas 
jets to remove vaporized or molten material from the vi- 
cinity of the cut to prevent redeposition. These tech- 
no niques can be effective at improving the kerf at the cost 
of a significant increase in system complexity and often 
a decrease in cutting efficiency. 

An example of a system for laser cutting a stent is 
described in U.S. Patent 5,073,694, in which a compli- 
es cated arrangement is provided for supplying coolant 
during the laser processing to the interior of the hollow 
metal tube forming the stent. The dross which forms dur- 
ing cutting drops into the coolant, solidifies and is 
flushed out of the workpiece along with the coolant This 
40 system suffers from added complexity and the decrease 
in cutting efficiency noted above. 

Another drawback to the thermal mechanism for 
cutting with conventional laser such as C02, copper va- 
por, or ND:YAG is the low cutting efficiency or high vol- 
'^s umetric energy deposition required. This parameter re- 
fers to the total amount of laser energy required to re- 
move a given volume of material (Joules/cm3). The min- 
imum volumetric energy deposition is determined sim- 
ply by the heat capacity and boiling point of the material 
50 of interest, 



55 where the limits of the integrand run from the initial tem- 
perature, Tq to the boiling point, T,,. In the case of con- 
ventional thermal cutting, the energy required to remove 
a given volume of material, U, is much larger than this 
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minimum value due to the energy lost from the volume 
of Interest to conduction and shock. The cutting efficien- 
cy. Ti=U^jr/U, is often quite low (0.1 -a few percent) with 
conventional lasers. For the case of cutting thin (<1 mm 
thick) metals, improvements in cutting efficiency can be 
achieved by operating the laser to achieve shock cut- 
ting. In this technique, one takes advantage of the shock 
wave produced by an intense laser pulse by adjusting 
laser parameters such that the Induced shock wave pro- 
duces a stress in the region of interest which is beyond 
the yield strength of the material. The material then 
blows out the back surface. This technique is applicable 
only to processing thin materials and requires high laser 
pulse energy. 

The second mechanism, photodissociation, has 
found the greatest success in the processing of organic 
materials (e.g., polymers, soft tissue) in both medical 
and industrial applications. In this mechanism, the pho- 
ton energy is sufficiently high to dissociate (break) a mo- 
lecular bond of interest. Ideally, the resulting molecular 
or atomic fragments are volatile and leave the surface. 
Extremely high precision cutting and drilling can be 
achieved with this mechanism in materials which exhibit 
high absorption of the laser wavelength. Photo-keratot- 
omy and corneal sculpting are high visibility medical ap- 
plications. And microdrilling of polymers for ink jets is a 
well-established industrial application of this laser cut- 
ting technique. Since photodissociation often requires 
very energetic photons, the laser must produce ultravi- 
olet light. The most common laser sources are excimer 
[ArF (19.3 nm), KrF (248nm) or XeCI (308 nm)] based 
systems. These ultraviolet lasers require complex and 
sophisticated delivery and support systems to minimize 
the extreme personnel hazards associated with intense 
ultraviolet light and reactive gases (fluorine and chlo- 
rine), and thus have their own drawbacks. 

There is a need for a method of laser cutting an in- 
travascular device, which requires high precision in 
manufacture, that avoids the addition of shock or ther- 
mal stress to the intravascular devices without requiring 
any cooling of the workpiece during laser processing. 

This and other needs are met by the present inven- 
tion which provides a method of laser processing an in- 
travascular device, such as a stent, utilizing a laser that 
provides very short laser pulses (e.g., 100 picosec- 
onds). The use of such a laser, in accordance with an 
embodiment of the method of the present invention, al- 
lows very small amounts of material (0.01-1 micron) to 
be removed per laser pulse with extremely small trans- 
port of energy either by shock or thermal conduction 
away from the volume of interest. This offers extremely 
high precision machining with no heat or shock affected 
zone to or in the final product. 

The earlier stated needs are met by an embodiment 
of the present invention which provides a method of 
forming an intravascular device, comprising the steps of 
positioning a workpiece for exposure to laser pulses, 
and subjecting the workpiece to laser pulses, each laser 
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pulse having a duration of less than approximately 100 
picoseconds, to remove materia! from the workpiece to 
form the intravascular device. 

Another embodiment of the present invention pro- 
5 vides a method of manufacturing an intravascular de- 
vice, comprising the steps of positioning a workpiece for 
exposure to a laser beam, and directing a laser beam 
at the workpiece to remove at least one volume of ma- 
terial from a site on the workpiece with minimal transport 
of energy to the areas of the workpiece surrounding the 
volume of material. 

The method of forming an intravascular device ac- 
cording to the present invention has a number of differ- 
ent advantages. The processing efficiency is increased, 
since complicated cooling and dross removal systems 
are not necessary. Also, cutting efficiency with short 
pulses is significantly higher than for conventional long 
pulse lasers because there is little loss of energy away 
from the region of interest since thermal conduction dur- 
ing the pulse is negligible, and since there is no vapor- 
ization or transport of material during the pulse. In ad- 
dition, the intravascular device that is formed will not 
contain thermal or shock affected areas due to the neg- 
ligible energy transport during the laser pulse. This is 
especially critical in intravascular devices, in which the 
features of interest may be extremely small, on the order 
of a few tehs of microns. 

The earlier stated needs are also met by an embod- 
iment of the present invention which provides an intra- 
vascular device comprising material areas forming a 
pattern of material, and spaces from which volumes of 
material have been removed from the intravascular de- 
vice, the spaces being formed by directing laser pulses 
having a pulse duration lass than 100 picoseconds at 
the intravascular device to remove the material and form 
the pattern of material without transferring significant 
energy to the material areas forming the pattern of ma- 
terial. 

The intravascular device of the present invention 
exhibits greater structural integrity because it does not 
have areas that have been subjected to thermal stress, 
shock and/or degradation, since only pulses of extreme- 
ly short duration have been used to remove the material 
from the workpiece. Hence, an extremely high precision 
intravascular device, such as a stent, with an improved 
structural integrity, is provided by the present Invention. 

The foregoing and other features, aspects and ad- 
vantages of the present invention will become more ap- 
parent from the following detailed description of the 
present invention when taken in conjunction with the ac- 
companying drawings. 

Figure 1 a is a perspective view of a workpiece prior 
to laser processing according to an embodiment of the 
present invention. 

Figure lb is a perspective view of a stent that is 
formed in accordance with an embodiment of the 
present invention. 

Figure 2 is a schematic depiction of a laser system 
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for cutting a workpiece in accordance with an embodi- 
ment of the method of the present invention. 

An example of a stent that has been cut from a work- 
piece in accordance with an embodiment of the present 
invention is depicted in Figure 1 b. The workpiece 40 pri- 
or to cutting is depicted in Figure 1a. A stent is a high 
precision Intravascular device, formed as a metal pros- 
thesis designed to hold open passageways in the body. 
For implantable devices, the workpiece is made of any 
suitable material, such as stainless steel, shape-mem- 
ory alloys, polymeric implantation material, platinum-ir- 
ridium, etc. Other materials may be used when the im- 
plantable device is not intended for long term implanta- 
tion or use within the body, such as diagnostic or short 
term implantation devices. 

Stents are minimally invasive treatment devices 
which can be used in combination with balloon angi- 
oplasty or artherectomy procedures in the treatment of 
artherosclerosls. Despite the popularity of balloon angi- 
oplasty, a significant percentage of balloon angioplasty 
patients suffer a significant re-narrowing of the treated 
blood vessel within six months following initial treat- 
ment, a condition known as restenosis. The use of 
stents in conjunction with balloon angioplasty indicates 
restenosis rates well below those observed when stents 
are not used. 

Stents may have a design that provides a number 
of technical features that enhance the use of the stents 
in the human body. For example, it is desirable to pro- 
vide a stent with flexibility to allow access to tortuous or 
curved vessels. Also, high radial strength and axial sta- 
bility are desired to optimize diameter post procedure. 

Stents are available In a variety of basic designs 
and sizes. Some of the basic designs of stents include 
tubular-slotted, wire-like, wire-mesh, and others known 
to those of ordinary skill in the art. Stents, such as stent 
1 0 of Figure 1 b, have dimensions typically in the millim- 
eter range. For example, the length of the stent 10 in 
Figure la may be approximately 18 mm, the outer di- 
ameter approximately 3.5 to 4 mm, with a wall thickness 
of approximately 0.002 to 0,004 inches. These dimen- 
sions and the structure of the depicted embodiment are 
exemplary only, however, as other embodiments of 
stents formed according to the present invention can 
have different sizes and configurations. 

In the laser processing of the workpiece, for exam- 
ple, a hollow tube, flat sheet, or wire formation, etc., is 
presented to the laser. The laser, typically under the 
guidance of a computer, makes the cuts or other 
processing necessary to form the intricate structure to 
provide the design features of the stent, or other intra- 
vascular device. The main concern created by laser 
processing of intravascular devices is the shock and 
thermal stress generated in the intravascular device by 
the laser during the cutting. Although measures may be 
taken to cool the workpiece during cutting, such systems 
are cumbersome and relatively ineffective in reducing 
shock or thermal stress. 



The method of processing a workpiece with a laser 
to form an intravascular device according to embodi- 
ments of the present invention uses very short (<100 
picoseconds) laser pulses to cut with, in comparison to 
s prior art laser cutting methods. Before describing an ex- 
emplary laser system that can be used to provide laser 
cutting with very short pulses, the principles and advan- 
tages of such laser cutting will be discussed. 

In dielectric materials which are othenwise transpar- 

10 ent to the laser wavelength, free electrons are produced 
by multiphoton absorption. These free electrons are ac- 
celerated in the laser field and produce additional ioni- 
zation in the dielectric by collisions. A critical density 
plasma is formed within a fraction of a micron of the sur- 

15 face. This plasma expands from the surface with an in- 
itial temperature of 1-1000 eV (dependent upon laser 
intensity and wavelength). Very little energy (either by 
shock or by thermal conduction) is coupled into the bulk 
material since the laser pulse duration is adjusted to be 

20 below the characteristic time for kinetic energy transfer 
from the electrons to the lattice. Atypical characteristic 
time is approximately 10 picoseconds for common die- 
lectrics (e.g., Si02). 

In metals, although the absorption mechanism for 

25 the laser energy is the same as in the case of long pulse 
lasers, the short (<100 psec) duration offers a simple 
and striking advantage. By adjusting the pulse duration 
such that the thermal penetration depth during the 
pulse, Ljj,=2Vax, is on the order of the optical penetration 

30 depth, 6= [2/(ao)|iol^' very small amounts of material 
(0.01-1 micron) can be removed per laser pulse with ex- 
tremely small transport of energy either by shock or ther- 
mal conduction away from the volume of interest. This 
offers extremely high precision machining with no heat 

35 or shock affected zones. For example, type 304 stain- 
less steel, typically used in intravascular devices, such 
as stents, exhibits a thermal penetration depth of only 
1.5 nm for a 100 femtosecond pulse compared to an 
optical penetration depth of approximately 5 nm. Fur- 

40 thermore, the lack of significant energy deposition be- 
yond the volume of interest enables the use of high rep- 
etition (e.g.. 1 Hz-3MHz) lasers without the need for ex- 
ternal cooling of the part being machined. Even though 
only a very small depth of material Is removed from the 

^5 workpiece per pulse, the high repetition rate enables ex- 
tremely high cut rates (beyond 1 mm depth per second). 

Cutting efficiency with these ultrashort pulses is sig- 
nificantly higher than that achievable for conventional 
long pulse lasers. This follows from two critical features: 

50 1 ) there is little loss of energy away from the region of 
interest since thermal conduction during the pulse is 
negligible; and 2) there is no vaporization or transport 
of material during the pulse. With respect to the second 
of these features, during the laser pulse, there is insuf- 

55 ficient time for hydrodymnamic expansion of the vapor- 
ized material. Asa result, the laser pulse encounters the 
solid surface of the workpiece tor the duration of the 
pulse, thereby depositing energy into the solid density 
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of the grating. 

Following compression, the laser pulse is delivered 
to a focusing system 36 by either an open beam trans- 
port system, an articulated arm, an optical fiber or hollow 
core waveguide. In certain embodiments, this delivery 
provides additional compression of the pulse duration. 
If an open beam transport system is used, the beam 
transport comprises standard relay telescopes which 
are well known in the art, such as depicted at 32. 

The focusing system 36 comprises either a simple 
or compound lens or Cassegranian-type mirror arrange- 
ment for focusing the pulse onto the target material of 
the workpiece 40 with the desired irradiance. The spot 
size is easily adjusted by moving the target away from 
best focus or by changing the focusing element. All of 
these focusing techniques are well known to those 
skilled in the art. 

The laser system 20 can produce continuously tun- 
able output from approximately 780 to over 1000 na- 
nometers (nm) by a simple change of optics and minor 
adjustments to the angles of the gratings in the pulse 
stretcher and compressor. Operation at the second har- 
monic (400 to 500 nm) is accomplished by passing the 
beam through a thin nonlinear crystal (e.g., potassium 
dihydrogen phosphate (KDP), lithium borate, etc.) after 
compression. The crystal is cut for type I phase match- 
ing and is between 0.5 and 4 millimeters in length. 

Under control of a computer (not shown), the laser 
system 20 makes the cuts on the workpiece 40 to create 
the intravascular device, such as the stent depicted in 
Figure 1 . Alternatively, the device holding the workpiece 
40 may be manipulated by the computer to move the 
workpiece in the path of the laser beam to create the 
cuts in the workpiece 40. 

Although the present invention has been described 
with the example of a stent, the invention is also appli- 
cable to other intravascular devices, such as blood clot 
filters, occlusion devices, etc. 

In addition to the disclosed method of cutting an in- 
travascular device or stent from a hollow tubular work- 
piece, the present invention may be used to create an 
intravascular device starting from different shaped 
workpieces. For example, the workpiece may be a flat 
sheet that is cut according to a pre-defined pattern and 
then formed appropriately into a hollow cylindrical 
shape. Alternatively, rings can be cut from a tube and 
joined together to create the final intravascular device. 

In the method of the present invention, a laser sys- 
tem that provides laser pulses of extremely short dura- 
tion is used to make cuts on a workpiece to form an in- 
travascular device. This creates an intravascular device 
which does not have any zones that have been subject- 
ed to heat or shock and have been damaged thereby. 
Hence, there is no possibility for the features of interest 
in the intravascular device being destroyed due to ther- 
mal excursion or shock caused by the laser cutting dur- 
ing processing of the intravascular device. 

Although the present invention has been described 



and illustrated in detail, it is clearly understood that the 
same is by way of illustration and example only and is 
not to be taken by way of limitation, the spirit and scope 
of the present invention being limited only by the terms 
5 of the appended claims. 



Claims 

TO 1. A method of forming an intravascular device or 
stent, comprising the steps of: 

positioning a workpiece for exposure to laser 
pulses; and 

15 subjecting the workpiece to laser pulses, each 

laser pulse having a duration of less than ap- 
proximately 100 picoseconds, to selectively re- 
move material from the workpiece to form the 
intravascular device or stent. 

20 

2. The method of Claim 1 , wherein the intravascular 
device or stent is a stent, the method further com- 
prising the step of directing the laser pulses in a pat- 
tern over the workpiece to form the stent. 

25 

3. The method of Claim 2, wherein the step of directing 
the laser pulses includes directing the laser pulses 
to selectively create open spaces in the workpiece. 

30 4. Themethodof Claim 2, wherein the step of directing 
the laser pulses includes the step of moving the 
workpiece while the laser pulses are directed at the 
workpiece. 

35 5. The method of Claim 1 , wherein the step of subject- 
ing the workpiece to laser pulses includes the step 
of generating laser pulses with an energy per pulse 
between approximately 0.1 microjoule to approxi- 
mately 10 millijoules. 

40 

6. The method of Claim 5, wherein the step of subject- 
ing the workpiece to laser pulses further includes 
the step of generating the laser pulses at a repeti- 
tion rate between approximately 1 Hz to approxi- 

45 mately 3 MHz. 

7. The method of Claim 6, wherein the step of subject- 
ing the workpiece to laser pulses further includes 
the step of focusing the laser pulses in a beam hav- 

50 ing a spot size between approximately 3 microns to 
approximately 1 centimeter. 

8. A method of manufacturing an intravascular device 
or stent, comprising the steps of: 

55 

positioning a workpiece for exposure to a laser 
beam; and 

directing a laser beam at the workpiece to re- 
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move at least one volume of material from a site 
on the workpiece with minimal transport of en- 
ergy to the areas of the workpiece surrounding 1 8. 
the volume of material. 

5 

9. The method of Claim 8, wherein the laser beam 
comprises laser pulses, the method further com- 
prising the step of adjusting the pulse duration of 
the individual laser pulses such that a thermal pen- 
etration depth of the workpiece material during the io 
pulse is on the order of an optical penetration depth 
of the workpiece material. 



shape-memory alloy. 

The intravascular device or stent of Claim 13, 
wherein the pattern of material is a substantially pla- 
nar sheet, wherein the substantially planar sheet is 
formed into a substantially cylindrical shape after 
removal of the volumes of material. 



10. The method of Claim 9, wherein the step of adjust- 
ing includes adjusting the pulse duration to be less 
than 100 picoseconds. 
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1 1 . The method of Claim 8, wherein the step of directing 
a laser beam includes changing the position of the 
workpiece relative to the laser beam to remove ma- 
terial from the workpiece in a pattern to form the in- 
travascular device or stent. 



20 



12. The method of Claim 8, further comprising the step 
of removing at least two volumes of material where- 
in the material remaining between said at least two 
volumes is not greater than 0.002" at the narrowest 
region of the material between the at least two vol- 
umes. 

13. An intravascular device or stent comprising : 
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material areas defining a pattern of material; 
spaces from which volumes of material have 
been removed from the intravascular device or 
stent; and 

the volumes of material being removed by di- 
recting laser pulses having a pulse duration 
less than 100 picoseconds at the intravascular 
device or stent to create the pattern of material 
without transferring significant energy to the 
material areas creating the pattern of material. 



35 



40 



14. The intravascular device or stent of Claim 13, 
wherein the pattern of material is a substantially cy- 
lindrical hollow tube. 



45 



15. Theintravasculardeviceorstentof Claim 14 where- 
in the tube has a mesh of interconnected material 
with the spaces formed between the material in in- 
terstices of the mesh. 



50 



16. The intravascular device of stent of Claim 13, 
wherein the intravascular device or stent is made of 
stainless steel. 



55 



17, The intravascular device or stent of Claim 13, 
wherein the intravascular device or stent is made of 
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